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Melting of 3D solids is often preceded by a melting of their surface, a distinct process 
which begins at a temperature lower than TM. Until now, surface melting was 
investigated mostly by diffraction or other non-contact techniques, revealing how 
the surface becomes progressively disordered with temperature. We designed a 
method to measure an effective shear modulus of the surface, another property 
which should change at melting. This property was not measured before. We applied 
this method to surface melting of Gallium, and found that this surface shear modulus 
vanishes abruptly near the onset of premelting, about 9K below TM.    
 
Historically, melting is one of the most extensively studied physical phenomena1–4. Potential 
mechanisms of melting include enhancement of atomic vibrations4 and surface melting 5–15. 
Intuitively, melting should begin in a weak region of the solid, such as the surface or a grain 
boundary, from where the liquid phase will propagate into the bulk. For that reason, surface 
melting is the most likely precursor of melting. It is often called premelting, as it takes place 
at a lower temperature than melting of the bulk.  
The attributes of bulk melting include a loss of the crystallographic order, a latent heat, 
vanishing of the shear modulus and a discontinuous change of the density. All those changes 
occur simultaneously at the melting point. Surface melting on the other hand is a gradual 
process of disordering of the surface layer with temperature. It was first detected at the 
surface of lead5–7. Other solids showing surface melting include Ice 9,16,17, Gallium 15,18, 
Methane 19,20, Ag21,22, Al 23–27, Cu28, Si(111)12,29 and Au (111) 30,31. Simulations showed that 
surface melting starts at the least dense surface 32,33. Until now, surface melting was 
detected mostly by monitoring the structural properties of the surface as a function of 
temperature. A gradual loss of the crystalline order in the topmost atomic layers was 
interpreted as surface melting. The reason why so far only structural probes were used is 
twofold. First, scattering from the surface is a non-contact method which can be applied to a 
variety of materials and over a wide range of temperatures.  Second, scattering techniques 
can probe only a few atomic layers nearest to the surface. With other methods, for example 
specific heat, it is difficult to separate the contribution of the surface from that of the bulk.    
Regarding the shear modulus, in the bulk it decreases discontinuously to zero at the melting 
point34,35. When applying shear stress at the surface of a macroscopic solid, the elastic 
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response is influenced by the bulk material below the surface. Under normal conditions, it is 
not possible to separate the response of the surface from that of the bulk. Consequently, 
until now there are no experimental measurements of the response of the surface to shear. 
Vanishing of the shear modulus is the only mechanical indication of melting. We therefore 
decided to try to measure the effective response of the surface layer to shear. We focused 
on the temperature range where premelting was observed. We chose to work with Gallium, 
because it undergoes a surface melting transition which is well documented15,18. 
We first set up a qualitative experiment that allows us to apply shear stress to the surface 
and detect a surface strain. To this end, we dispersed small Iron (Fe) particles, with a typical 
size of 1-5𝜇𝑚, on the surface of a polycrystalline Gallium. A typical particle on the surface 
can be seen in a SEM image in the inset of Figure 1. Inspection of many such images shows 
that the Fe particles do not penetrate into the bulk and are attached to the surface only by 
static friction. We apply a weak alternating force on these particles by moving a small 
permanent magnet back and forth beside the Ga surface (see inset of Figure 1). The 
tangential component of this force acts on the Fe particles in parallel to the surface. The 
lateral displacement of the Fe particles is viewed under a microscope and recorded by a 
camera. As long as the magnetic force is smaller than the typical static friction force, the Fe 
particles do not move relative to the Ga surface, but they do exert a force having a 
tangential component on the surface. Under these conditions, any displacement of these 
particles represents the local strain of the Ga surface. After image processing, we can 
determine an average displacement of the surface with a resolution of a few nanometers. In 
the experiment, we measured this displacement as a function of temperature of the Ga. The 
results are shown in Figure 1. Below 294.2K, the displacement is close to zero. Above 294.2K, 
we observed a dramatic increase of the displacement, by more than an order of magnitude. 
The displacement becomes so large that it can actually be observed visually under the 
microscope without any image processing. The onset temperature of ~294.2K is slightly 
higher than 293.15K, the temperature where Rühm15 observed premelting. Two transitions 
can be seen in our measurement: enhancement of the displacement by more than 2 orders 
of magnitude at 294.2K, near the premelting transition, and another enhancement by factor 
of 4 at the bulk melting temperature. At 294.2K the solid appears to undergo a kind of 
relaxation process involving reorientation of solid grains on the surface. This change could 
result from stress release on a local scale. The surface shows no additional changes up to the 
bulk melting temperature, where it becomes smooth with a mirror-like appearance. These 
observations gave us confidence that changes of the shear properties of the surface can be 
detected using our technique and connected directly with the surface melting of Gallium. 
 Figure 1: Temperature dependence of the displacement of Iron particles dispersed on the surface of Ga 
under a magnetic force. The amplitude of the force is independent of temperature. The inset shows 
the experimental layout as well as an SEM image of a typical particle. The displacement of the 
particles is effectively zero below 294.2K and increases sharply at this temperature. A second 
enhancement of the displacement occurs at the bulk melting temperature. 
In the next step, we developed a technique which gave us better control over the force we 
apply on the Ga surface. This technique enabled us to do more quantitative measurements. 
The experimental arrangement is shown in the inset of Figure 2.  A small metal disk (2mm 
diameter) is soldered to the surface of the Ga slab using the Ga itself as the solder. The disk 
is connected to a piezoelectric actuator by a thin metal rod. The piezo actuator applies an 
alternating force on the disk, in a direction parallel to the surface. The disk in turn exerts 
shear stress on the surface. The absolute value of the applied stress is determined in a 
separate calibration, using a strain gauge installed inside the actuator. In this setup we have 
a continuous measurement of the applied force. The metal disk and the Gallium surface 
around it are observed under a microscope and photographed with and without stress.  
Differential image analysis of these photographs yields a map of the local displacement at 
each point of the surface with a few nm resolution. This experiment is repeated as a function 
of temperature. 
Qualitatively, we see that below a temperature of 294.2K the entire surface of the Gallium 
responds to the motion of the metal disk. The response gets weaker as one moves away 
from the disk. Above 294.2K the Gallium surface becomes decoupled from the motion of the 
disk. Only the boundary layer very near the disk continues to move with the disk. The 
transition temperature does not depend on the motion amplitude of the metal disk. This 
confirms that the premelting is not a result of friction between the Ga surface and the disk. 
The transition temperature is the same as in our first experiment. 
In Figure 2 we present the motion amplitude of the metal disk measured by a strain gauge, 
and the magnitude of the force applied on the metal disk as a function of temperature. One 
can see that at the transition temperature, the motion amplitude increases sharply while the 
magnitude of the applied force decreases. The amplitude increases to the same value which 
  
we measured with a free metal disk. This value, constrained by the piezo system, represents 
the case where the surface has zero shear resistance. 
 
Figure 2: Motion amplitude of the disk (black symbols) vs. temperature under an alternating driving 
force. The red symbols show the magnitude of the force required to sustain the motion. The inset 
shows the layout of the experiment. The actuator applies force on the disk attached to the Ga surface. 
We measure optically the displacement of two small regions on the surface: Region a which is close to 
the disk and region b which is far from the disk. 
Since we are able to do quantitative measurements, it is interesting to determine the 
magnitude of the effective surface shear modulus and compare it with that of the bulk. We 
define the ratio between stress and strain as an effective surface shear modulus (𝐺𝑠) as 
follows: 
Equation 1 
𝐺𝑠 =
𝐹𝑜𝑟𝑐𝑒
𝑀𝑒𝑡𝑎𝑙 𝑑𝑖𝑠𝑘 𝑎𝑟𝑒𝑎⁄
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒⁄
 
The various quantities used in Equation  1 are illustrated in the inset of Figure 2. With 𝐺𝑠, the 
relative distance and displacement are defined on the surface. In contrast, with the bulk 
shear modulus, the relative distance and displacement are defined between the top and 
bottom of the sample. Referring to the layout shown in Figure 2, we measure the relative 
displacement by comparing images of two adjacent regions on the surface. The 
displacement of region b is smaller than that of a. While the surface is solid, the 
displacement of region a is larger than that of region b in proportion to 𝐺𝑠 and the relative 
distance between a and b. The strain is independent of the choice of a and b. Once 
premelting took place, the displacement of region a increases and the displacement of 
region b decreases to zero. 
We measured the displacement using image processing based on a cross correlation 
function. The relative displacement is the difference between the displacements of the two 
regions. After averaging, this method yields the relative displacement with a few nanometer 
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resolution. Measurements of the shear modulus of bulk Ga were done using a standard 
method for bulk solids. 
 
Figure 3: The shear modulus of bulk Ga and the effective shear modulus of the surface of Ga vs. 
temperature. The effective surface shear modulus vanishes abruptly at 294.2K. 
In Figure 3 we compare the shear moduli of the surface and of the bulk. Away from melting, 
𝐺𝑠 is about 5 times smaller than that of the bulk. 𝐺𝑠 vanishes abruptly at 294.2K. There is a 
large temperature difference between the surface and bulk transitions. Both our results and 
those of Rühm15 show that premelting of Gallium is distinct from bulk melting. 
The temperature at which 𝐺𝑠 vanishes is about 1K higher than the onset temperature given 
by Rühm, et al.15. In their experiment, the thickness of the disordered layer increased 
smoothly starting from zero at 293.15K up to ~7 atomic layers at the bulk melting 
temperature (~303K). Rühm15 determined the thickness of the liquid layer by analyzing his 
data using the theory of Lipowsky36. According to this estimate, at the temperature where 𝐺𝑠 
vanishes (294.2K), the thickness of the liquid is ~0.2 of an atomic layer. One possible 
explanation as to how our experiment fits with Rühm’s is that the disorder reaches some 
percolation threshold. Beyond this threshold, the layer may lose its resistance to shear and 
becomes fluid-like. In the presence of fluid, solid grains can slide past each other and the 
shear modulus would vanish. On a macroscopic scale we will see fluid-like behavior although 
each grain is still a solid. 
To summarize, we measured the effective shear modulus of the surface of Ga near melting. 
The modulus vanishes at T~294.2K, about 1K above the onset of premelting15. In addition, 
the solid appears to undergo a morphological change which looks like a reorientation of 
solid grains on the surface. This change could result from stress release on a local scale. Our 
measurement provide the first observation of surface melting from the mechanical 
perspective, i.e. onset of fluidity. 
Acknowledgment 
We thank S. Lipson and G. Koren for helpful advice. We are grateful to S. Hoyda, L. Yumin, 
and the Physics Faculty Workshop for technical help. This work was supported in part by the 
Israel Science Foundation. 
References 
1. Jin, Z. H., Gumbsch, P., Lu, K. & Ma, E. Melting Mechanisms at the Limit of Superheating. 
Phys. Rev. Lett. 87, 055703 (2001). 
2. Daeges, J., Gleiter, H. & Perepezko, J. H. Superheating of metal crystals. Physics Letters A 
119, 79–82 (1986). 
3. Ubbelohde, Alfred R. The molten state of matter. (Chichester : Wiley-Interscience, 
1978). 
4. Grimvall, G. & Sjödin, S. Correlation of Properties of Materials to Debye and Melting 
Temperatures. Phys. Scr. 10, 340 (1974). 
5. Pluis, B., van der Gon AW, D., Frenken, J. & Van der Veen, J. Crystal-Face Dependence of 
Surface Melting. Physical review letters 59, 2678–2681 (1988). 
6. Prince, K. C., Breuer, U. & Bonzel, H. P. Anisotropy of the order-disorder phase transition 
on the Pb(110) surface. Phys. Rev. Lett. 60, 1146–1149 (1988). 
7. Frenken, J. W. M. & Veen, J. F. van der. Observation of Surface Melting. Phys. Rev. Lett. 
54, 134–137 (1985). 
8. Trayanov, A. & Tosatti, E. Lattice theory of surface melting. Phys. Rev. B 38, 6961–6974 
(1988). 
9. Murata, K., Asakawa, H., Nagashima, K., Furukawa, Y. & Sazaki, G. Thermodynamic origin 
of surface melting on ice crystals. Proc Natl Acad Sci U S A 113, E6741–E6748 (2016). 
10. Lied, A., Dosch, H. & Bilgram, J. H. Surface melting of ice Ih single crystals revealed by 
glancing angle x-ray scattering. Phys. Rev. Lett. 72, 3554–3557 (1994). 
11. Elbaum, M., Lipson, S. G. & Dash, J. G. Optical study of surface melting on ice. Journal of 
Crystal Growth 129, 491–505 (1993). 
12. Fukaya, Y. & Shigeta, Y. Precursor to surface melting of Si(111) at high temperature. 
Phys. Rev. B 65, 195415 (2002). 
13. Bienfait, M. Roughening and surface melting transitions: consequences on crystal 
growth. Surface Science 272, 1–9 (1992). 
14. Stoltze, P., Nørskov, J. K. & Landman, U. Disordering and Melting of Aluminum Surfaces. 
Phys. Rev. Lett. 61, 440–443 (1988). 
15. Rühm, A. et al. Bulk and surface premelting phenomena in α-gallium. Phys. Rev. B 68, 
224110 (2003). 
16. Furukawa, Y., Yamamoto, M. & Kuroda, T. Ellipsometric study of the transition layer on 
the surface of an ice crystal. Journal of Crystal Growth 82, 665–677 (1987). 
17. Wei, X., Miranda, P. B. & Shen, Y. R. Surface Vibrational Spectroscopic Study of Surface 
Melting of Ice. Phys. Rev. Lett. 86, 1554–1557 (2001). 
18. Trittibach, R., Grütter, Ch. & Bilgram, J. H. Surface melting of gallium single crystals. 
Phys. Rev. B 50, 2529–2536 (1994). 
19. Bienfait, M., Zeppenfeld, P., Gay, J. M. & Palmari, J. P. Surface melting on the close-
packed (111) face of methane thin films condensed on graphite. Surface Science 226, 
327–338 (1990). 
20. Bienfait, M., Gay, J. M. & Blank, H. Surface premelting of thin films of methane. Surface 
Science 204, 331–344 (1988). 
21. Rieutord, F., Simon, R., Conradt, R. & Müller-Buschbaum, P. Surface melting and 
preroughening of argon: An X-ray reflection study. EPL 37, 565 (1997). 
22. Zhu, D.-M. & Dash, J. G. Surface Melting and Roughening of Adsorbed Argon Films. Phys. 
Rev. Lett. 57, 2959–2962 (1986). 
23. van der Gon, A. W. D., Smith, R. J., Gay, J. M., O’connor, D. J. & van der Veen, J. F. 
Melting of Al surfaces. Surface Science 227, 143–149 (1990). 
24. Dosch, H., Höfer, T., Peisl, J. & Johnson, R. L. Synchrotron X-Ray Scattering from the 
Al(110) Surface at the Onset of Surface Melting. EPL 15, 527–533 (1991). 
25. Pavlovska, A., Tikhov, M., Gu, Y. & Bauer, E. Thermal disordering of the Al(110) surface. 
Surface Science 278, 303–316 (1992). 
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